The field of organic photovoltaics (OPV) has advanced in recent years through extensive investigation into various conjugated polymer and small molecule structures. Most of these accomplishments have been focused on optimizing donors in bulk heterojunction (BHJ) organic solar cells, where the acceptor is primarily based on fullerenes. 1 While fullerene derivatives have several obviously attractive features for BHJ OPV devices, 2 the search for non-fullerene acceptors has gained significant attention in recent years, mainly driven by the possibility that the new acceptors could exhibit stronger absorption in the visible region of the electromagnetic spectrum. 3 Concurrently, there also has been a surge in developing small molecules as active materials for OPVs, because of the reproducibility and the potential for frontier orbital energy level controls that they offer. 1c,3c The combination of these two interests has triggered the search for small molecule nonfullerene acceptors for BHJ OPV. 1b, 3b, 4 Considering that 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) based molecules exhibit a strong absorption in the visible region (>500 nm) and variable redox chemistry, we conceived the use of these molecules as acceptors in BHJ OPV devices. 5, 6 Specifically, we hypothesized that acceptor-donor-acceptor (A-D-A) type molecules with BODIPY as the acceptor moiety will provide convenient access to low band-gap small molecules that could be tested as acceptors in BHJ devices. Herein, we report three such molecules, in which BODIPY is conjugated through its meso position using a 3-hexylthiophene linker to 4,8-bis (5-(2-ethylhexyl) 
pyrrole to afford BDP-BDT, BDP-CPDT, and BDP-DTP respectively (Scheme 1). These molecules show strong visible absorption with low lying LUMO levels, making them electronically suitable as acceptors for many donor materials. To examine their potential as acceptors in BHJ OPVs, devices were fabricated using P3HT as the donor. Syntheses of the molecules include the formation of a terminal unit composed of a BODIPY core substituted at the meso position with a brominated hexylthiophene, providing an additional solubilizing group and a functional handle on the α-position of the thiophene for subsequent palladium catalyzed cross coupling reactions. The lack of β-substituents on the BODIPY moiety is expected to greatly benefit the overall planarity of the molecule due to the limited steric interactions that often force a twist between the thiophene and BODIPY cap. Stille coupling between the bistannylated donors and the previously synthesized terminal unit afforded the targeted molecules in good yields. For detailed syntheses and characterization, refer to the ESI. † Donor incorporation through the α and β positions of the BODIPY core is known for extending conjugation and, in turn, red shifting absorption and reducing the band gap of the resulting system. However, conjugation through the meso position does not typically provide the same dramatic shift in absorption due to minimal communication between the core and terminal BODIPY in the ground state.
9 Consequently, through selective tuning of the core, a system possessing a predictable and well-defined absorption profile with significant absorbance within the visible region of the solar spectrum can be synthesized with ease. This feature is important for tuning the absorption properties of the acceptor to complement the donor material with which it is paired in BHJ devices. Fig. 1 shows the UV-visible absorption spectra for chlorobenzene solutions and thin films spun from dichloromethane solutions; the optical properties are summarized in Table 1 . The three molecules exhibit an absorption maximum that is characteristic of the π-π * transition in the BODIPY moiety, 10 with an extinction coefficient on the order of 10 4 M -1 cm -1 (Table 1) . This absorption slightly red shifts in thin films. All molecules also exhibit a lower energy shoulder that is attributed to an intramolecular charge transfer process, as its position in both the solution and solid states varies with the donor strength of the core moiety. While this band exists as a shoulder in BDP-BDT, both BDP-CPDT and BDP-DTP posses significantly red shifted peaks with absorption onsets at 805 and 845 nm respectively. The significant shift in the latter two molecules is attributed to the enhanced donor strength of the core moiety. 11 The optical band gaps for these molecules were estimated from the absorption onset in thin films (Table 1) . Next, the electrochemical properties of the molecules were examined using cyclic voltammetry. 12 Each molecule shows amphoteric behavior, exhibiting two reversible oxidations and at least one reduction ( Figure S1 ). The onset of the first oxidation potential for BDP-CPDT and BDP-DTP are very similar, leading to comparable HOMO energy levels ( ). Although the directionality of charge transport in OPV devices and OFET devices are orthogonal, the consistent n-type transport in these BODIPY-capped molecules does suggest that this functionality could be a promising building block of low band gap, small molecule acceptors for OPVs.
Inverted OPV devices were fabricated with the architecture ITO/ZnO/P3HT:acceptor (40 nm)/MoO3 (7 nm)/Ag (100 nm). The active layer was spun cast from 15 mg mL -1 solutions in o-
dichlorobenzene (o-DCB). An optimal D:
A ratio was determined to be 1:1.5 for each acceptor (ESI † ) with BDP-BDT, BDP-CPDT and BDP-DTP yielding efficiencies of 1.21%, 1.02% and 0.84%, respectively. To assess whether the light absorption characteristics at wavelengths complementary to that of P3HT, contribute to the overall efficiency, we obtained the external quantum efficiency (EQE) for these devices. EQE measurements show that the devices containing acceptors with red shifted charge transfer bands (BDP-CPDT, BDP-DTP) significantly benefit from the acceptor absorption above 650 nm. The weaker performance of the BDP-DTP molecule is due to the relatively low JSC (2.18 mA cm -2 ), which is likely due to non-optimal active layer morphology. Use of solvent additives has improved the efficiency of PCBM-based BHJ devices, which has been attributed to the ability of certain solvents to promote PCBM aggregation by selectively solubilizing the acceptor. 13 Since these acceptors have good solubility in most organic solvents, we decided to use 1-chloronaphthalene (CN) as a solvent additive. The J-V curves and EQE spectra are shown in the ESI † ; the device characteristics are listed in Table 2 . The use of CN as a solvent additive had positive effects on the BDP-CPDT and BDP-DTP devices, as device efficiency increased to 1.51% and 1.18%, respectively, when 3% CN was added. However, CN had a detrimental effect on BDP-BDT devices, yielding decreased VOC and FF values (Table 2) . To examine the effect CN on the morphology of the P3HT:BDP-CPDT devices, atomic force microscopy (AFM) was used. AFM height and phase images of the P3HT:BDP-CPDT active layer are shown in Fig. S9 . Adding 3% CN increased the surface roughness from 5.9 nm to 7.2 nm; the additive-based device also shows a much more uniform and well-ordered network, which are desired for efficient charge transport.
In summary, a series of n-type small molecules consisting of a thiophene-based donor core conjugated to a BODIPY cap through the meso position were synthesized. These molecules exhibited good visible absorption with a common peak between 530-532 nm in thin films, independent of the donor core. Introduction of a stronger donor (CPDT, DTP) to the core of the molecule led to a significant red shift in the charge transfer band, resulting in an optical band gap of as low as 1.47 eV. Each of the molecules possessed a low-lying LUMO, between -3.7 eV and -3.9 eV, and decent electron mobility, ~10 -5 cm 2 V -1 s -1 , making them potential acceptors for many donor materials. Inverted bulk heterojunction photovoltaic devices were successfully fabricated, combining these molecules with P3HT as the donor. The P3HT:BDP-BDT active layer yielded an efficiency of 1.21%. The use of 1-chloronapthalene as a solvent additive improved device performance in BDP-CPDT and BDP-DTP based devices, with the best performing cell yielding a PCE of 1.51% (P3HT:BDP-CPDT + 3% CN). Further device optimization and morphological studies of the blends are currently underway. Also, we are further investigating the effect of both core and cap modifications on the electronic properties of the resulting materials for optimal pairing with donors other than P3HT. Through fine-tuning of the molecular structure vs. device performance and morphological characteristics, we hope to achieve a library of BODIPY based electron acceptors with robust electronic properties for OPV applications.
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